• Genome-wide RNAi screen provides the first comprehensive list of putative hepatic hepcidin regulators.
Introduction
Hepcidin is a hepatic peptide hormone that orchestrates systemic iron homeostasis by adjusting systemic iron availability to body iron requirements. 1 Hepcidin binds to ferroportin, the iron efflux channel predominantly expressed on iron-exporting cells, causing its internalization and degradation. 2 Conditions of high iron load or inflammation activate hepcidin production in the liver to reduce serum iron levels, whereas iron deficiency, hypoxia, and augmented erythropoiesis inhibit hepcidin expression to increase systemic iron availability. 1 Most iron-related disorders are attributed to excessive or inadequate liver hepcidin expression. Hereditary hemochromatosis (HH) is caused by inappropriately low hepcidin levels 1 and has been linked to loss-of-function mutations in the hepcidin-activating genes HFE, 3 transferrin receptor 2 (TfR2), 4 and hemojuvelin (HJV), 5 or in hepcidin itself. 6 Despite the high prevalence of mutations in the HFE gene, the clinical penetrance of HH is low, and disease severity may vary substantially among patients, suggesting a significant contribution of genetic and/or environmental modifiers of systemic iron levels. [7] [8] [9] Iron also accumulates in several subtypes of hereditary anemias (eg, thalassemias) that are characterized by deficient hepcidin expression despite progressive iron loading. 10 In addition, there is increasing awareness in the medical field that tissue iron accumulation exacerbates the pathologies of common acquired diseases such as chronic liver disease or diabetes. 11, 12 By contrast, high levels of hepcidin transcription in response to inflammatory cytokines or as a result of genetic defects of the TMPRSS6 gene are implicated in the pathogenesis of the anemia of inflammation and iron-refractory irondeficiency anemia, respectively. [13] [14] [15] Two major signaling pathways were identified thus far to control hepcidin expression. Proinflammatory cytokines activate hepcidin expression via the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling pathway that operates via a conserved STAT binding motif proximal to the transcription start site. 14, 16 Hepcidin is however most potently induced by bone morphogenetic proteins (BMPs), which bind to their receptors and to the coreceptor protein HJV and trigger SMAD signaling. 17 Two sequence motifs (the proximal BMP-RE1 and the distal BMP-RE2) within the hepcidin promoter are critical for the stimulation of hepcidin via the BMP/ HJV/SMAD4 signaling axis. 18 The BMP pathway communicates systemic iron levels 19, 20 and, by still largely unknown mechanism, contributes to the activation of hepcidin by inflammatory stimuli. 18, 21, 22 Furthermore, reduced hepcidin expression in HFE and TfR2-related hemochromatosis is linked to an impairment of SMAD signaling. [23] [24] [25] [26] However, it remains to be defined how the cross-talk among HFE, TfR2, and the BMP signaling pathway is established.
In addition, several mechanisms of hepcidin suppression have been identified and involve either the protease TMPRSS6 (matriptase-2), 15, 27, 28 the inhibitory SMAD7, 29 stabilization of hypoxia-inducible factor, 30 erythropoietin, 31 or 2 soluble factors of the transforming growth factor-b family, growth differentiation factor 15 and twisted gastrulation protein-1 (TWSG1). 32, 33 More recently, inhibition of hepcidin messenger RNA (mRNA) expression was also linked to growth factors and testosterone. [34] [35] [36] Here we report data from a genome-wide screen that provides the first comprehensive list of putative hepatic hepcidin regulators. In secondary analyses of our screening hits, we uncover links between hepcidin suppression and the Ras/RAF MAPK and mTOR pathways, which are known to promote hepatocyte proliferation and cell growth, as well as play roles in the control of liver nutrient homeostasis.
Materials and methods

Cell culture
The human hepatocarcinoma cell lines Huh7 and Hep3B were obtained from ATCC (Wesel, Germany). Human liver tissue was obtained according to institutional guidelines (Charité University Medicine, Berlin) from liver resections of tumor patients. Written informed consent was obtained from all patients. This study was conducted in accordance with the Declaration of Helsinki. Primary human hepatocytes (PHHs) were isolated by a 2-step collagenase perfusion technique. 37 Primary murine hepatocytes were isolated from the livers of C57/BL-6 male mice and plated on collagen-coated tissue culture plates as described before. 38 Culture conditions for all cell models used in the study are described in the supplemental data, available on the Blood Web site.
Genome-wide siRNA screening
To conduct the genome-wide RNA interference (RNAi) screen, the small interfering RNA (siRNA) library ThermoFisher siGenome siARRAY SMARTpool (Dharmacon, Lafayette, CO) was used. As positive controls, we included siRNAs against SMAD4, STAT3, and SMAD7, as well as a scrambled siRNA pool (Dharmacon) as a negative control (supplemental Table 1 ). The screen was performed as previously reported. 29 The bioinformatic analyses using DAVID and STRING tools are described in the supplemental data.
Hepcidin reporter constructs
Luciferase reporter constructs that contain the full-length 2762-bp hepcidin promoter (WT_2.7 kb) or its mutant derivatives (STAT_BS_2.7 kb and BMP_RE1_BMP_RE2_2.7 kb), as well as the murine ferroportin promoter or the human DAP kinase promoter reporters, were described previously. 14, 18, 39, 40 Transfection of siRNAs, plasmid DNA, and luciferase assay For secondary assays, we reverse-transfected Huh7 cells (24 000 cells/well) with 10 pmol siRNA (pooled or individual duplexes; Dharmacon; supplemental For the transfection of hepcidin reporter plasmids and siRNAs, Huh7 cells were initially transfected with pooled siRNAs (Dharmacon; supplemental Table 1 ) as described before. After 24 hours, the reporter plasmids (150 ng of hepcidin/ferroportin/DAP kinase promoter constructs and 20 ng of CMVRenilla control plasmid) were transfected using 0.3 mL of TransIT (Mirus). After 48 hours, luciferase activity was measured as described. 29 For the analysis of hepcidin-stimulating conditions, Huh7 cells were transfected in 12-well plates with 40 pmol of siRNA using 2 mL Lipofectamine2000 (Invitrogen). Cells were starved from serum for 48 hours, treated with interleukin-6 (IL-6) (20 ng/mL; R&D Systems, Wiesbaden, Germany) or BMP-6 (10 ng/mL, R&D Systems), and collected for total RNA isolation after 15 hours.
Expression vectors (200 ng) (supplemental Table 2 ) were transfected into Huh7 cells (in a 24-well format) together with 180 ng of hepcidin reporter constructs and 40 ng of CMV-Renilla plasmid using 0.8 mL of TransIT (Mirus). After 48 hours, luciferase activity was measured using the DualLuciferase-Reporter assay system (Promega) and a Centro LB 960 luminometer (Berthold Technologies).
Preparation of total RNA, RT, and real-time qPCR analysis
Isolation of total RNA and the protocols for reverse transcription and real-time quantitative polymerase chain reaction (qPCR) were described previously. 18 Total RNA extraction from mouse livers was performed using Trizol (Invitrogen). Total RNA extraction for the secondary assays was performed using the QuickExtract RNA Extraction Kit (Epicentre Biotechnologies, Madison, WI) according to the manufacturer's instructions (see supplemental data for details). Sequences of the quantitative PCR primers are shown in supplemental Table 3 . Expression levels of human glyceraldehyde-3-phosphate-dehydrogenase or murine actin or Rpl19 were used as normalization controls.
Treatment of Huh7 cells with small molecules
Huh7 or Hep3B cells were plated, and 24 hours later the indicated concentrations of Wortmannin (4 hours; Calbiochem), Akt inhibitor VIII (9 hours, Sigma), rapamycin (15 hours, Sigma), sorafenib (9 hours, Nexavar; Bayer), or metformin (15 hours, Sigma) were added. Conditions for treatments of murine primary hepatocytes are described in the supplemental data.
Reverse-phase protein arrays (RPPAs)
Huh7 cells (400 000 cells/well, 6-well plates) were reverse-transfected with 200 pmol siRNA using 6 mL Dharmafect1. After 24 hours or 48 hours, cells were harvested for protein isolation using a nondenaturating lysis buffer. A detailed protocol for RPPA, description of data analysis, and the list of validated antibodies (supplemental Table 4 ) used for targeted proteome profiling are available in the supplemental data.
Rasa1 knockout mice
The generation of inducible Rasa1 knockout mice was described previously (see supplemental data). 41 Seven-to eight-week-old Rasa1-floxed female mice with and without engineered Ert2Cre transgene were administered with tamoxifen (MP biochemicals) to induce nuclear translocation of the Ert2Cre protein and disruption of the Rasa1 gene. Mice were analyzed 6 weeks after tamoxifen injection. Plasma iron measurement using the Iron Kit (Thermo Electron GmbH, Dreieich, Germany) and determination of nonheme tissue iron content were performed as described previously. 42 Experiments were approved by the University of Michigan Committee on the Use and Care of Animals.
Statistical analysis
For analysis of the screening data, the cellHTS2 package (Bioconductor) 43 was used as described previously. 29 Throughout the study, the data are For personal use only. on March 31, 2017 . by guest www.bloodjournal.org From expressed as a mean of at least 3 independent experiments 6 standard deviation (SD). The Student t test was used for estimation of statistical significance.
Results
Genome-wide RNAi screening identifies a large number of putative hepcidin activators enriched for signal transducers, transcription regulators, and inflammatory genes
To identify activators and repressors of hepcidin expression on a genome-wide scale, we extended our previously established screening approach 29 to target 19 599 human genes. We chose Huh7 cells (despite a known mutation in the HFE gene) because this cell line fulfills critical prerequisites for RNAi screening: fast cell proliferation, good transfection efficiency, relatively high hepcidin mRNA expression, and well-preserved hepcidin-regulating pathways. 14, 18, 21, 29 In the screening assay, Huh7 cells were reverse-transfected with a pool of 4 siRNAs and with a hepcidin promoter containing firefly luciferase reporter together with a SV40 promoter-containing Renilla luciferase control vector ( Figure 1A ). Screening data are shown as mean z-scores from 2 biological replicates and represent suppression (low-negative z-score) or activation (high-positive z-score) of the hepcidin promoter after the knockdown of individual target genes. SMAD4, STAT3, and SMAD7 siRNAs were used as positive controls, and their effects were clearly distinguished from the scrambled negative siRNA control ( Figure 1B) .
We next plotted the distribution of the mean z-scores for each gene in the library, excluding the control siRNAs ( Figure 1C ). Known regulators of hepcidin promoter activity, such as CEBPa, HJV, BMPR1A, SMAD5, neogenin (NEO1), and BMP-6, are indicated. The cutoff value for putative hepcidin activators was defined based on hepcidin promoter activity in response to the knockdown of STAT3, a well-studied activator of hepcidin transcription.
14 Because hepcidin suppressors are less well-defined, we selected an arbitrary cutoff (z-score 1.75). Application of these cutoff values in our data set included a large number of novel candidate hepcidin regulators (1651 activator and 508 suppressor candidates; Figure 1C ) for further bioinformatic analysis. The annotated screening data and the hit lists are provided in the supplemental data (supplemental File 1).
To search for functional relationships among the putative hepcidin regulators, we performed bioinformatic analyses using the software tools DAVID 44 and STRING. 45 DAVID analysis identified 193 enriched functional terms among the putative hepcidin activators (supplemental Table 5 and supplemental File 2). From these categories, approximately 50% are nonredundant and enriched for genes Functional enrichment analysis using DAVID software identifies genes involved in signal transduction, transcription regulation, and defense/inflammatory response to be overrepresented among putative hepcidin activators. (E) Enriched categories that are marked in green in (D) are the focus of the STRING interaction networks of the positive putative hepcidin regulators. The interaction network is visualized using the software tool Cytoscape. *The category "adapter protein" was by itself not enriched among the putative activators but was visualized as an interesting functional subgroup that also contains overrepresented SH2 domain proteins.
involved in signal transduction, transcriptional regulation, and defense/ inflammatory responses (Figure1D; supplemental Table 7 ). Within these overrepresented broader functional categories, DAVID analysis further distinguishes proteins that function as protein kinases, SH2-domain proteins, Ras suppressors or regulators involved in phosphoinositide-mediated signaling, and STAT and CEBP transcription factors. In parallel, STRING analysis additionally revealed that 967 (59%) of the potential positive regulators of hepcidin expression are interconnected. Integration of the data output of DAVID and STRING using Cytoscape 46 yielded the selected enriched functional categories depicted in the interaction network ( Figure 1E ). Similar bioinformatic analysis performed for putative hepcidin suppressors is presented as supplementary material because none of the selected inhibitory genes could be validated in the secondary assays (supplemental Tables 6 and 7 , supplemental File 3, and supplemental Figure 1 ).
Secondary assays validate 15 novel functionally diverse hepcidin activators DAVID and STRING analyses supported by literature mining guided the selection of 61 putative hepcidin regulators for secondary assays ( Figure 1E ; supplemental Table 8 ). Literature searches aimed to identify candidate modifiers linked to known hepcidin-regulating pathways and to conditions that affect systemic iron homeostasis (eg, inflammation or hypoxia). We further selected genes with links to putative novel modes of hepcidin regulation, such as an involvement of Ras, NF-kB, or b-catenin signaling; circadian regulatory mechanisms; and proteins with adapter functions or transcription factors. In the validation assays, each candidate gene was targeted by a siRNA pool to assess whether its knockdown affects endogenous hepcidin mRNA expression similarly to the hepcidin luciferase reporter construct (Figure 2A ; supplemental Table 8 ). For 33 genes (54%) confirmed by this approach, we performed RNAi using 4 individual siRNAs (Figure 2A ). Fifteen of the candidate genes displayed significantly changed hepcidin mRNA expression in response to at least 2 siRNAs (Figure 2B-C; supplemental Figures 2 and 3) and were considered as validated. Within this group, 7 genes showed alterations of hepcidin mRNA levels that correlated significantly with the knockdown efficiency of each single siRNA ( Figure 2B ). In addition, 12 of 15 novel hepcidin modifiers tested control hepcidin mRNA expression in a qualitatively similar manner in human primary hepatocytes ( Figure 2D ). All validated hepcidin activators are novel and implicated in diverse cellular processes, such as responses to growth stimuli, inflammation, the assembly of transcriptional complexes, cell differentiation, and morphogenesis, and they comprise kinases, transcription factors, protein adapters, and Ras protein suppressors ( Figure 2B ).
Novel hepcidin activators control steady-state hepcidin transcription in a BMP-RE-dependent manner and contribute to the hepcidin responses to IL-6 and BMP-6
Given the functional diversity of the 15 novel hepcidin regulators, we next investigated whether they operate via the well-characterized hepcidin-activating pathways. To test this, we first analyzed the responses of hepcidin promoter constructs with mutations in the IL-6 (STAT-BS) or BMP/SMAD-responsive elements (BMP-RE1 and/or BMP-RE2) ( Figure 3A) . Throughout the experiments, the siRNAmediated knockdowns of HJV and STAT3 served as positive controls ( Figure 3B ). As specificity controls, we included luciferase reporters driven either by the ferroportin or the DAP-kinase promoter. 39 , 40 We found that none of the newly identified hepcidin regulators control hepcidin promoter activity in a STAT-BS-dependent manner, as we had observed for the positive control STAT3.
14 However, the knockdown of 13 genes reduced hepcidin promoter activity in a manner that requires functional BMP-REs, similar to both positive controls HJV and STAT3 ( Figure 3C) . 18, 21 The siRNAmediated depletion of only 2 novel activators, PIK3C2B and RASAL2, did not significantly depend on the BMPREs. Taken together, these data suggest that the validated hepcidin activators broadly connect cellular signaling with the regulation of hepcidin steady-state expression in a BMP-REs-dependent manner. This further implies that the BMP-REs are not only required for the hepcidin responses to the previously known stimuli but also confer broader promoter functionality.
We next examined whether the newly identified regulators of hepcidin steady-state levels are also required for its induction by IL-6 or BMP-6 ( Figure 3D ; supplemental Figure 4 ). As positive controls for these studies, we used siRNA-mediated knockdown of SMAD4 and STAT3. Consistent with previous studies, 14, 18 we observed that STAT3 is required only for IL-6-driven hepcidin induction, whereas SMAD4 expression is critical to control the hepcidin mRNA increase under both stimulatory conditions tested. Our data show that although the IL-6 response depends on several of the newly identified factors, strikingly, the BMP-6-driven hepcidin induction seems to override the requirements for most of the modifiers and involves only 3 transcription factors: STAT6, CREBBP, and SRF. Finally, some of the new BMP-REs-dependent regulators (eg, TRAF4 or PIK3R3) are not required for the hepcidin responses under stimulatory conditions.
siRNA-mediated depletion of the novel hepcidin activators alters the cellular signaling network
Because our secondary analysis suggested that some of the novel hepcidin modifiers may operate independently of JAK-STAT or BMP/SMAD signaling, we next explored whether the identified genes can affect other signaling pathways. We performed siRNA-mediated knockdown of 9 novel hepcidin regulators (transcription factors were excluded from the analysis) and assessed changes of the cell signaling network using RPPAs 24 hours and 48 hours after siRNA transfection. The arrays were designed to monitor 117 signals that inform about absolute expression levels and/or the phosphorylation status of 82 proteins linked to different signaling pathways (Figure 4 ; supplemental Figure 5 ). 47 Several of the pathways probed by RPPAs, such as Ras/MAPK, PI3K/Akt/mTOR, and b-catenin signaling, are interconnected ( Figure 5A ) and play crucial roles in liver processes such as regeneration, response to injury, carcinogenesis, or nutrient homeostasis. [48] [49] [50] Significant changes were mainly observed after 48 hours of RNAi (Figure 4 ; supplemental Figure 5 ). Hierarchical clustering of RPPA data divided the analyzed genes into 2 groups: those that trigger stronger and those that trigger minor changes of cellular signaling. The second group contains the controls HJV and BMPR1A, as well as 2 novel hepcidin activators, RNF41 and CSNK1D, suggesting that their mode of action is different compared with the other analyzed hepcidin modifiers. Within the first group of hepcidin regulators (PRKCH, TRAF4, PIK3C2B, RASAL2, MAPK13, RASA1, and PIK3R3), we detected the most pronounced alterations controlling the Ras/MAPK and Rho signaling pathways. The PI3K/Akt/mTOR, GSK3K/b-catenin, or Sonic Hedgehog signaling pathways were more mildly affected, whereas NOTCH or Jnk/p38 signaling remained basically unaltered. Taken together, a combination of individual signal alterations may sum up to a suppression of hepcidin mRNA The name of each hepcidin promoter reporter construct refers to the elements that have been mutated within the wild-type hepcidin 2.7-kb promoter. B1 and B2 indicate the BMP-RE1 and the BMP-RE2, respectively, whereas S1 indicates the STAT-BS. Reporters driven by the ferroportin or the DAP-kinase promoters were included as specificity controls. (B-C) Shown are the responses of the wild-type and mutated hepcidin promoter to knockdowns of HJV and STAT3 (B), and to knockdowns of the identified hepcidin regulators (C). Results are presented as ratios between the luciferase activity (6 SD of Firefly/Renilla) obtained from samples transfected with specific siRNA and samples transfected with control siRNA. Results represent a mean of 5 independent experiments. Statistically significant changes are marked by *(P , .05) or **(P, .005). (D) Novel hepcidin activators are partially involved in the hepcidin responses to IL-6, whereas BMP signals override the requirement for most of the identified modifiers. Huh7 cells were transfected with the indicated siRNAs, starved from serum for 48 hours, and then treated for 15 hours with IL-6 (20 ng/mL) or BMP-6 (10 ng/mL) (supplemental Figure 4) . Hepcidin mRNA levels were determined by real-time qPCR analysis. Hepcidin steady-state mRNA level (as shown in Figure 2C ) or fold induction of hepcidin mRNA expression in response to stimuli are set to 100% for cells transfected with scrambled siRNA control. The mean of at least 3 independent experiments is shown. Arrows indicate significant changes (P , .05) compared with scrambled siRNA.
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Identification of Ras/RAF MAPK and mTOR signaling as critical pathways for hepcidin suppression
Guided by the information obtained from the RPPA data, we next interrogated the implicated cellular signaling networks by small molecules. As depicted in Figure 5A , the G-protein Ras plays a central role within the analyzed network and signals through both the RAF MAPK and PI3K signaling pathways. PI3K activates Rho signaling and, via PDK1, the Akt kinase. In turn, the Akt kinase induces diverse downstream pathways, including GSK3K/b-catenin and mTOR signaling. The activation of mTOR is also mediated by RAF MAPK signaling, whereas its suppression can be achieved by increased AMP kinase activity. 50 Our results indicate that hepcidin mRNA expression is strongly activated in a dose-dependent manner upon inhibition of the RAF MAP kinase (by sorafenib) and, to a lesser extent, by suppression of the PI3K (by Wortmannin) and the mTOR kinase (by rapamycin), as well as by activation of the AMP kinase (by metformin) ( Figure 5B ). Similar hepcidin responses to these small molecule inhibitors were Figure 4 . RPPA analysis identifies alterations of the cellular signaling network upon siRNA-mediated depletion of the novel hepcidin activators. Huh7 cells were transfected with the indicated siRNAs and protein extracts were collected 24 or 48 hours later. RNAi of HJV and BMPR1A was used as a positive control. Equal protein amounts were analyzed by RPPAs using antibodies that recognize total levels and/or phosphorylation abundance of 82 proteins involved in different signaling pathways. Because proteins involved in PI3K/Akt/mTOR and Ras/MAPK signaling are highly represented on the arrays, we further distinguished those signals that could serve as markers for the pathway activation and/or whose altered levels may exert their activation or suppression (supplemental Figure 5) . Protein signals that were significantly altered compared with scrambled siRNA transfection are marked by a color code. Clustering of the obtained signal signatures at the 48-hour time point divides the analyzed hepcidin regulators into 2 groups, with either stronger (pink) or minor (green) effects on cellular signaling. On the right side, we further indicated how many protein signals (%) from each category were increased upon overall depletion of this group of hepcidin modifiers (pink) that confer strong alteration of the signaling signature.
observed in Hep3B cells ( Figure 5C ). By contrast, inhibition of the Akt and GSK3K kinases did not affect hepcidin mRNA levels (data not shown).
In a complementary approach, we stimulated Ras/RAF MAPK, Rho, and PI3K signaling pathways by overexpression of the critical regulators of these pathways and assessed hepcidin promoter activity ( Figure 5D ). In addition to the wild-type versions of these signaling factors, we alternatively transfected constitutively active (CA) isoforms (supplemental Table 2 ); we also used mutated, in addition to the wild-type, hepcidin reporters. Forced expression of HJV was used as a positive control, and the expected increase in reporter expression was observed from the wild-type and STAT-BS-mutated hepcidin promoter, but not from the BMP-REs mutant version. Strikingly, our data show that induction of Ras-and BRAF-dependent signals by overexpression of their oncogenic, constitutively active mutants potently suppresses hepcidin promoter-driven transcription in a BMP-REs-dependent manner. By contrast, the promoter activity remains largely unaltered upon the forced expression of MEK1, a kinase that is located further downstream in the MAPK signaling pathway. Stimulation of the Rho protein RAC1, as well as forced expression of the PI3K effector PDK1 kinase, inhibit activity of the wild-type and mutated hepcidin promoters ( Figure 5D ) to a similar extent as we observed for the specificity control, the ferroportin promoter (data not shown). In addition, we found that induction of the hepcidin promoter by rapamycin also requires BMP-REs ( Figure 5E ). Altogether, our combined approaches uncover the Ras/ RAF MAPK and mTOR signaling pathways as key effectors for hepcidin suppression. We propose that these responses link systemic 
48,49
We next tested whether the hepcidin response to the mTOR and Ras/RAF MAPK signaling pathways is preserved in primary hepatocytes or mice. We show that mTOR and, to a lesser extent, RAF inhibitors induce hepcidin mRNA expression in murine primary hepatocytes, consistent with our data obtained in hepatocarcinoma cell lines ( Figure 5F ). We further analyzed iron-related parameters in inducible knockout mice for the Ras suppressor Rasa1, a mouse model that develops a lymphatic vessel disorder. 51 We show that systemic disruption of Rasa1 expression, including liver and spleen tissues (supplemental Figure 6 ), for 6 weeks reduces liver hepcidin mRNA expression. Consistently, we observe a tendency for an increase of plasma iron and a decrease of spleen iron levels ( Figure 5G ), whereas liver iron levels are not significantly changed between wildtype and Rasa1 knockout mice (data not shown). These findings suggest that the mTOR and Ras/RAF MAPK signaling pathways contribute to the hepcidin control in primary cells and mice.
Discussion
In this study we aimed to define molecular processes and signaling pathways that modify hepcidin transcription. Initially, we conducted an unbiased, genome-wide RNAi screen and followed up with extensive analyses to gain insight into networks that control hepcidin expression.
Analysis of our genome-wide screening data demonstrates that the established RNAi approach accurately detects most hepcidin activators previously identified by genetic studies (Figure 1) . We further identified the hepcidin suppressor SMAD7 29 but not other known hepcidin inhibitors, such as growth differentiation factor 15 or TWSG1, that are typically produced by the erythron, 32, 33 or hypoxia-related regulators (eg, hypoxia-inducible factor transcription factors 30 ) that may only become active upon hypoxia. The siRNA pool targeting TMPRSS6 may not have been reliable because it was replaced in the next generation of the siRNA library.
The identification of enriched functional categories among the screening hits indicates coherence and high quality of the screen. Notably, the JAK-STAT signaling pathway and genes involved in bone development were found to be enriched among putative hepcidin activators (supplemental Table 7 ). From 61 candidate genes that were enriched for genes involved in signal transduction and transcriptional regulation, we validated 15 (25%) novel hepcidin activators in 2 rounds of stringent validation assays in Huh7 cells. Twelve of these genes were further shown to control hepcidin mRNA levels in a qualitatively similar manner in human primary hepatocytes, clearly demonstrating that their role in the control of hepcidin expression is not restricted to a hepatocarcinoma cell line (Figure 2) .
The unbiased identification of novel hepatocytic hepcidin regulators may have important clinical implications because it may aid in explaining the causes of iron-related disorders of unknown genetic origin and may reveal modifiers of disease severity in patients with HH. To this end, the list of putative hepcidin regulators generated in this study may serve as a resource, which could be integrated with data from genome-wide association, quantitative trait loci, and deep sequencing studies to identify new genetic modifiers of iron homeostasis. 9, [52] [53] [54] Future work based on the data from this RNAi screen is also expected to shed light on thus far unidentified links between HFE/TfR2 and BMP/HJV-dependent signaling. 24, 25 Our current analysis has validated 4 proteins with adapter function and SH2 domains, which typically mediate protein-protein interactions involved in signal transduction. In addition, we identified 4 proteins that harbor the lipid membrane-targeting C2 domain ( Figure 1E ). Future studies will address the role of these and other hits from our screen in the formation of the iron-sensing complex in hepatocytes.
Our work further shows that neither of the hepcidin responses depends solely on the transcription factors SMAD4 or STAT3, suggesting a more complex transcriptional machinery that controls hepcidin promoter activity ( Figures 3D and 6 and supplemental Figure 4 ). STAT6, CREBBP, and SRF mimic SMAD4 requirements for hepcidin induction in response to IL-6 and BMP-6, suggesting that they may directly cooperate with the SMAD factors to form a core transcriptional complex at the hepcidin promoter. In addition, STAT6 that was postulated to form heterodimers with STAT3 55 -as well as the transcription coactivator CREBBP, which can bind STATs and SMADs 56 -represent very promising candidates for the molecular bridging between the IL-6 and BMP-6-triggered hepcidin responses. Furthermore, YY1, which binds to transcription complexes involving CREBBP, SRF, and SMADs, may physically bend DNA and thus organize the DNA-protein complex on target promoters. [57] [58] [59] Altogether, the identified transcription regulators exhibit scaffolding properties, positively interact with each other and/or with SMADs, and therefore may confer a transcriptional Figure 6 . In addition to the known pathways that activate hepcidin expression, we show that Ras/RAFtriggered signals and the mTOR pathway are involved in hepcidin suppression. This finding links the control of iron homeostasis with enhanced cell proliferation and anabolic growth under nutrient-rich and growthstimulating conditions. Furthermore, we identify new components of the transcriptional machinery that control steady-state levels of hepcidin expression and hepcidin induction upon IL-6 stimulation. Among these, 3 factors (STAT6, CREBBP, and SRF) are additionally required for the BMP-triggered hepcidin response.
architecture for the regulation of the hepcidin promoter. The finding that the validated transcription factors regulate hepcidin transcription in a BMP-REs-dependent manner supports these hypotheses ( Figure 3C ).
The 15 identified hepcidin activators represent a wide spectrum of proteins involved in signal transduction and transcription regulation that appear not to converge on one particular pathway ( Figure 2B ). Only subsets of the identified hepcidin activators are required for the hepcidin responses under stimulatory conditions, suggesting that modulation of hepcidin steady-state mRNA levels may involve other signaling pathways ( Figure 3D ). The combination of protein array analysis (Figure 4) , small molecule treatment of hepatoma cell lines and primary hepatocytes, and protein overexpression studies revealed that Ras/RAF-triggered and mTOR signaling specifically suppress hepcidin expression (Figures 5 and 6 ). Thus these pathways may operate downstream of the identified hepcidin regulators. In line with this, PRKCH suppresses ERK MAPK signaling and activates the novel hepcidin modulator MAPK13. 60 Importantly, two of the identified hepcidin modifiers, RASA1 and RASAL2, directly connect to Ras protein inactivation. 41, 61, 62 Our observation that systemic loss of Rasa1 in the mouse affects liver hepcidin expression further indicates that regulators of Ras activity may function as modifiers of iron homeostasis in vivo. Of note, 2 similar syndromes hallmarked by vascular malformations are associated with mutations in SMAD4 or the Ras suppressor RASA1, 63, 64 further corroborating a link between Ras-dependent signaling events and the SMAD pathway.
Recent reports demonstrated that growth factors (eg, epidermal growth factor) that act via the MAPK and the PI3K pathways, as well as testosterone that induces epidermal growth factor signaling, suppress hepcidin expression. 34, 36 Our independent data extend these findings by showing that upstream Ras/RAF-dependent signals, rather than downstream MEK1/ERK signaling, inhibit hepcidin mRNA expression. Together with the previous observation that ERK kinases activate hepcidin mRNA expression in response to holotransferrin, 65 these results suggest that other noncanonical signals initiated by Ras/RAF are involved in hepcidin inhibition. This is consistent with the finding that among the genes that positively regulate hepcidin transcription, the Ras suppressors but not other components of the MAPK pathway constitute an enriched functional group. Consistent with the fact that IL-6 not only activates the JAK/ STAT but also the Ras/MAPK pathway, 66 we observe that full hepcidin induction upon IL-6 treatment depends on the Ras suppressor RASA1, RNF41, and PRKCH, among others, which all inhibit growth factor-triggered signaling. 60, 67 Importantly, our results also identify the nutrient-sensing mTOR pathway as a mediator of hepcidin inhibition. Thus hepcidin suppression and the subsequent increase of systemic iron availability are associated with pathways that are not only implicated in hepatocyte proliferation upon a growth stimulus but also in anabolic cell growth and metabolic switches in response to elevated nutrient levels. 48, 49 Finally, the pathways identified in our study are widely implicated in liver physiology and disease. Growth factors and cytokines trigger the Ras/MAPK and mTOR pathways to promote hepatocyte proliferation and growth and thus drive liver regeneration in various models of liver injury. 48, 68 Ras/MAPK and mTOR signaling also represent the major pathways that are aberrantly activated in hepatocellular carcinoma (HCC), the most detrimental consequence of several chronic liver diseases. 50, 69 We thus propose that decreased hepcidin expression, which is observed in liver stress conditions including viral 70 and alcohol hepatitis, 71 and ultimately in HCC, 72 may involve activation of the Ras/MAPK and mTOR pathways ( Figures 5 and 6) . Importantly, the RAF inhibitor sorafenib is applied for combined therapies of HCC. 73 Our work indicates that, apart from interfering with cancer cell proliferation and angiogenesis, administration of sorafenib may mediate iron restriction for the growing tumor by inducing hepcidin expression.
The mTOR pathway functions as a key sensor of the nutritional status and thus adjusts cellular metabolism to environmental growth conditions. In the liver it plays a critical role for the maintenance of glucose and lipid homeostasis. 49 Because of the nutrient overload associated with obesity and type 2 diabetes, the activity of mTOR signaling is elevated. This in turn promotes overproduction of lipids, which can further exacerbate the metabolic syndrome. An increasing body of evidence underscores the role of elevated body iron status in the pathogenesis of insulin-resistant diabetes, 12 which suggests aberrant hepcidin regulation under such clinical conditions. One study suggests that hepcidin levels are elevated in patients diagnosed with metabolic syndrome and correlate with the increased levels of ferritin. 11 However, more recent findings indicate hepcidin deficiency in patients with type 2 but not type 1 diabetes, suggesting that hepcidin suppression is not attributed to insulin deficiency or hyperglycemia but may be linked to insulin resistance and nutrient overload. 74 It still remains to be elucidated how hepcidin expression is affected in relatively healthy but obese persons. Interestingly, alteration of iron homeostasis has been proposed as a possible underlying cause for the development of microcytic anemia in patients treated with the mTOR inhibitor rapamycin. This hypothesis was largely based on the observation that the anemic state can be corrected by intravenous iron delivery but remains refractory to oral iron administration, suggesting hepcidin-mediated inhibition of dietary iron absorption. 75 Our finding that rapamycin induces hepcidin expression may offer an explanation for these clinical findings in rapamycin-treated patients.
